Microfluidic solvent extraction (microSX) of metal ions from industrial grade mineral leach solutions was studied. In conventional bulk-scale SX, partially hydrophobic nanoparticles that are present in the leach solution readily adsorb at the liquid-liquid interface of the dispersed droplets, causing delayed or incomplete phase separation and reduce efficiency. In contrast, microSX employs continuous microscopic streams of aqueous and organic phases (without mixing the phases) and, in this way, bypasses the need for a conventional phase separation stage. This makes the technique promising for handling complex leach solutions. The stability of the two-phase flow is considered in terms of the surface wettability and guiding geometry of the microchannel, which determines the Laplace pressure window that stabilizes the liquid-liquid interface. We show that careful characterization of the microchannel wettability, including contact angle hysteresis, is essential to predict long-term flow stability.
Introduction
The small dimensions of microfluidic channels provide a suitable platform for rapid mass transfer via diffusion. Furthermore, small differences in rates of diffusion of molecules or particles can be exploited to separate these species based on size. Brody and Yager achieved separation of particles from molecules in a single phase flow using the so-called H-filter device [1] . In their H-filter, a loaded solvent and a lean solvent contact and the species diffuse laterally across the laminar flow. The small species diffuse more rapidly crossing into the lean solvent, while the larger species predominantly follow the stream lines and thus separation occurs. In this paper, this process is demonstrated for contacted solvent phases that are immiscible (oil and water) and using species that are characteristic of complex leach solutions in mineral processing.
Liquid-liquid and liquid-gas extractions can be carried out very efficiently in a microfluidic chip due to the high surface-tovolume ratio [2] [3] [4] [5] [6] [7] [8] [9] . Fluids may be contacted as laminar streams [2, [5] [6] [7] [8] or via the formation of droplets [3, 4, 9] , which are maintained for a period of time (contact time) and then phase separated. The latter may be achieved through several mechanisms, including branching laminar streams at a channel junction [2, [5] [6] [7] [8] or, for droplet dispersions, via spontaneous [10] or triggered [4] coalescence. Solutions containing particles or surfactants, however, pose significant problems for phase separation via coalescence due to the increased emulsion stability, regardless of whether conventional or micro-solvent extraction is used. Surfactants reduce the interfacial energy of the droplets and partially wetted particles adsorb at the fluid interface providing a physical barrier against coalescence [11] . For this reason, phase separation via branching of laminar streams may be considered advantageous in microfluidic solvent extraction (microSX), particularly for complex industrial-grade solutions. Specifically, we use complex mineral leach solutions here and consider extraction using concurrent streams.
In brief, industrial processing of a mineral ore via hydrometallurgy proceeds via grinding of the original ore to a fine powder, leaching in acid, and contacting with an organic phase (containing an extractant) to extract the valuable metal, followed by stripping (back-extraction into an aqueous phase) and subsequent processing (e.g., electrowinning) [12] . The original ore is a natural, heterogeneous material, and the leaching process can liberate other materials that are present. Thus, other than metal ions, mineral leach solutions very often contain fine silica (and other) particles and small amounts of organic material, which are known to slow down or completely arrest phase separation (as discussed above) [6, 7] . Poor flow stability and phase separation in microfluidic solvent extractions might be anticipated for such complex solutions and are addressed in the present study. We compare the phase separation performance of conventional (bulk) and microfluidic solvent extractions and consider the flow stability of the concurrent streams in relation to surface wettability. The importance of characterizing the wettability of the microchannels, including contact angle hysteresis, is highlighted by considering the effect of wall contamination from the complex solution.
Results and Discussion
2.1. Extraction Rate and Phase Separation. In conventional SX, the liquids are dispersed as droplets in a bulk scale mixer to greatly increase the interface available for mass transfer. It follows that smaller droplet dimensions lead to faster extraction of the valuable species, despite the chemistry of the extraction process remaining the same. The same principle is at work in a microfluidic chip; however, the faster extraction rates are not achieved here through dispersion but rather via microscopic streams. To demonstrate this principle, we matched the surface-to-volume ratios in the microfluidic and conventional SXs (S/V~15,000 m −1 ) and compared the extraction efficiency as a function of time. The results for all CuSO 4 leach solutions (model or real, with or without particles) were indistinguishable, with equilibrium reached after contact times of less than 1 min. The complete set of data is presented elsewhere [6] . The results for copper extraction (microSX) shown in Figure 1 (a) are representative of the collection of data. The rate of copper extraction using the chosen extractant-solvent system (15% v/v LIX84-I in Shellsol 2046, see Experimental section) is reactionlimited, which is evident when the characteristic diffusion time is considered for the given channel size
, where x and D are the diffusion length and coefficient, respectively. Estimating x=80 μm and D=10 −9 m 2 s −1 , the characteristic diffusion time is about 6 s, which is one-tenth of the actual contact time required for equilibrium. This point is highlighted further when results for a diffusion-controlled extraction of pre-complexed chromium(III)acetylacetonate, Cr(acac) 3 , into chloroform solvent are compared to the copper extraction results (Figure 1  (b) ). In this case, the extraction of Cr(acac) 3 is complete within 4 s. These results have important implications for the pursuit of higher throughputs in microSXs, where contact times are limited by several physical parameters. For example, achieving higher contact times, t c , without impacting volumetric throughput, Q, requires proportionally longer microchannels; t c ¼ AL Q , where A is the channel cross-sectional area and L is the length of the channel. Increasing A is not straight-forward because this may also impact x to increase t d and decrease the stability of the twophase flow (discussed in section Wettability and Flow Stability).
While the above comparison of extraction kinetics in conventional (bulk) and microfluidic solvent extractions reveal very similar behavior, the phase separation performance can be vastly different. Depending on the nature of the leach solution studied, phase separation may range from very rapid (tens of seconds) and complete to extremely slow (>1 h) and incomplete. [16] . The model leach solution with hydrophilic particles added shows slower (5 min) but 100% complete phase separation. In this case, the hydrophilic particles hinder thin film drainage between the droplets but, as they are completely wetted by the aqueous phase, cannot adsorb at the droplet interface to impart stability against coalescence. For the model leach solutions with hydrophobic particles added, phase separation is both slower (~1 min and 1 h for 0.1 and 5.0 g/L silica, respectively) and incomplete. The loss of the liquid through incomplete phase separation was 5 and 40% for the 0.1 and 5.0 g/L silica concentrations, respectively, which can be attributed to particle adsorption at the liquid-liquid interface (i.e., the formation of Pickering emulsions) [11] . Finally, the real leach solution is considered. Despite the addition of hydrophilic particles to the leach solution, phase separation was remarkably slow (>10 min) and incomplete (loss of 15-20% of the aqueous phase to the emulsion phase). This is very likely to be due to the presence of fine ore particles (not removed through sedimentation) and the presence of small amounts of organics that are liberated from the ore sample. The role of organic material is two-fold: first, it will reduce the interfacial energy of the liquid-liquid interface, and second, it may adsorb onto particles to decrease their wettability and promote adsorption at the liquid-liquid interface.
These results exemplify the difficulty in effectively handling particle-laden industrial-grade leach solutions using the conventional SX techniques; however, processing these challenging solutions using microfluidics had not been attempted until recently. As shown elsewhere [6, 7] , each of the solutions described above (both model and real leach solutions) could be processed without instabilities or reduction in phase separation efficiencies, despite considerably high particle loadings. This unexpected performance was explained by considering the slow diffusion of nanoparticles (>1 h) with respect to the metal ions that are extracted (~6 s), which means that very few particles actually arrive at the liquid-liquid interface to interfere with the extraction efficiency or induce unstable flow. Furthermore, by effecting phase separation at a channel junction, the inhibited coalescence step is completely bypassed. In these previous studies, however, we did not consider the influence of adsorption of organic material (originating from the ore or the extractant itself) in altering the wettability of the microchannel. The following section addresses the wettability of the silica microchannels in the presence of the aqueous and organic phases, as already inferred for the hydrophilic silica nanoparticles present in the real leach solution.
2.2. Wettability and Flow Stability. Wettability is a major factor in determining the stability of concurrent flows in the microfluidic solvent extractions described above. In a solidliquid-liquid system, the out-of-balance interfacial tension or applied pressure drives movement of the three-phase contact line (or simply "contact line"). Consequently, a careful account of the interfacial forces and relative pressures acting on the liquid-liquid interface is vital to maintain the two streams in full contact for the whole length of the channel. on the wettability and, where structured, the geometry of the surfaces. The equation for the Laplace pressure, P L , which takes into account the curvature of the meniscus in the plane of the chip (since the curvature along the microchip is zero) and the wettability of the channel is
where γ is the liquid-liquid interfacial tension which was measured to be 22 mN/m, θ * is the effective contact angle (defined below), and h (35μm) is the height of the channel at the liquidliquid interface. The effective contact angle takes into account the direction of motion (static advancing, θ a , or receding, θ r , contact angle) and the influence of contact line pinning on a local geometry in the channel (shown in Figure 3 as a guide structure [15] with angle α).
In effect, using θ * instead of a single (equilibrium) contact angle in Equation (1) allows the influence of inhomogeneous chemistry and surface structure (i.e., contact angle hysteresis) to be taken into account when calculating the Laplace pressure window; ΔP=P L(a) −P L(r) . The modulus of the Laplace pressure window, which is the operating window for the microchip, will be referred to as LPW in the following discussion. By considering the evolution of the wettability of the channels, we will show below that the LPW is very sensitive to contamination from the organic phase.
For case (a), where θ a = θ r = θ * , i.e., zero wetting hysteresis, the Laplace pressure acting on the interface is no different for the advancing and receding directions of motion and LPW=0 (see Figure 3 (a) "ideal" ). This case, however, is not observed in reality due to the finite contact angle hysteresis observed on real, apparently homogeneous and flat, surfaces (see lower illustration in Figure 3 (a) ). For case (b), where the liquid meets different surfaces in the advancing and receding directions so that θ a,2 ≠ θ r,1 , where numerical subscripts refer to the two surfaces, the Laplace pressure window is now
The maximum achievable LPW for case (b) is therefore~3γ/ h, due to the upper limit of hydrophobic surface treatment (without structure) being near 120°and the lower limit being complete wetting (0°). For case (c), where the surface wettability is homogeneous but a guide structure exists, hysteresis on the homogeneous surface must be taken into account along with the angle of the guide structure, α. In essence, the apparent contact angle (measured with respect to the plane of the bottom channel wall) must rotate through the angle α to advance or -α to recede from the guiding ridge, i.e., to locally achieve the advancing/receding contact angle on the wall of the guide structure [17] . Thus, for the advancing direction, the angle α is added to θ a , while for the receding direction, the angle α is subtracted from θ r to account for pinning on the ridge of the guide. Although the upper wall of the channel is unstructured, the meniscus cannot fully advance into the adjacent channel until the guide structure on the lower wall is engulfed. For simplicity, we choose θ * to be the same for the upper and lower channel surfaces and defined by the wettability and geometry of the lower wall, giving a maximum estimate (overestimate) of the actual Laplace pressure:
The maximum LPW is therefore highly dependent on the magnitude of the contact angle hysteresis and the angle of the guide but requires θ a +α=180°and θ r −α =0°to reach the maximum possible value. The final case, (d), is more difficult to fabricate due to the need for selective surface modification but can more readily achieve the optimal Laplace pressure window. In this case, θ a and θ r in Equation (3) are replaced with θ a,2 and θ r,1 to account for the different surface wettabilities present in the two channels (and the respective contact angle hysteresis):
Case (c) and (d) will now be considered with respect to the stability of our experiments and the aging of the microchannels in the presence of industrial grade solutions.
No surface modification was carried out in the experiments described here which means that case (c) was initially being observed. While this was most certainly the original scenario, an apparent increase in flow stability was observed as the chip "aged" during operation. Unlike other studies, our choice of industrial-grade SX systems brings with it a possible timedependent change in surface wettability as, for example, organic species such as the extractant adsorb from the fluid phases. To verify that our experiments transition from case (c) to (d) during our experiments, we carried out liquid-liquid static advancing and receding contact angle measurements for aqueous phase on flat Pyrex™ plates after exposure to the organic phase (containing the extractant) for increasing contact times. Figure 4 shows the measured contact angles and the associated LPWs that must be overcome to destabilize the two streams (calculated from Equations (3) and (4), where α~40°and γ=22 mN/m). Measurements with and without CuSO 4 present in the aqueous phase were indistinguishable, confirming that the change in contact angle originates from exposure to the organic phase. The static receding contact angle is not affected greatly by pretreatment of the channel surface with the organic phase; θ r~1 8→24°. On the other hand, the static advancing contact angle increased from~26°to almost 50°after several hours of immersion in the organic phase. The different sensitivity of the advancing and receding contact angles to the treatment suggests that asymmetric wetting hysteresis may be particularly Figure 3 . The role of microchannel wettability and geometry for (a) ideal surface wettability, i.e., no hysteresis, and non-ideal wettability, (b) wetting contrast without structure, (c) guide structure alone, with characteristic angle α shown, and (d) both wetting contrast and guide structure. Contact angle hysteresis is evidently important in every scenario, except for the theoretical case of an ideal surface important in these industrial systems and should not be ignored. Although the increase in θ a is modest, the implications for the LPW become clear in Figure 4 (b). The LPW is almost doubled after pre-treatment with the organic phase, supporting our experimental observations of increased stability after operating the chip for long times. With the guide structure, this increase in LPW and, therefore, flow stability is much larger, so that the final LPW is four times larger than that calculated without a guide structure present.
Conclusions
MicroSX was studied as an alternative technique for the extraction of metal ions from industrial-grade mineral leach solutions. The stream-based approach does not depend on the ability to phase separate via coalescence as in a conventional settler and, therefore, offers significant advantages where complex liquids are to be processed. Extraction kinetics was not affected by the presence of particles in the liquid phase, which can be largely attributed to their slow diffusion compared with the extracted ions. Phase separation is instantaneous, occurring at the Y-junction in the microchannel, rather than through coalescence (which is up to 40% incomplete and 100× slower). With regard to flow stability, the importance of fully characterizing the wettability of the microchannels, including contact angle hysteresis, is highlighted. Four scenarios were considered, where the surface wettability and/or the geometry of the channel differs. The wettability of the channel used in this study was shown to alter after exposure to the organic phase (containing an extractant in an industrial solvent). The change in static advancing contact angle from 26°to almost 50°corresponds to an increase in the Laplace pressure window by~500 Pa and, consequently, an increase in the observed flow stability after the chip has been running for~1 h. Transfer of microfluidic solvent extraction to industrial practice will depend on a careful analysis of the wetting behavior over extended periods, particularly where the solutions involved are complex or microchannels are susceptible to fouling.
Experimental section
Copper sulfate solutions were prepared via two different methods. Model copper leach solutions (5.1 g/L, pH 1.5) were prepared using AR grade CuSO 4 ⋅5H 2 O and pH adjustment using sulfuric acid. Real copper leach solutions were prepared using copper oxide ore (Osborne, Australia), which was ground in a ring mill to a fine powder (particle size is~100 μm) and leached in a sulfuric acid solution (pH 1.5) for 2 h while maintaining the pH at 1.5. The ratio of copper oxide ore to acid solution was 10% wt/vol. The resultant aqueous phase was blue (indicating the presence of CuSO 4 ) and contained significant quantities of undissolved ore particles. To mimic the simplest technique for removing large particles, the slurry was allowed to sediment overnight and the supernatant was collected and used in the solvent extractions without filtration. Solvent extraction from the copper-loaded aqueous phases (model and real) was carried out using an extractant commonly used in industry, 2-hydroxy-5-nonylacetophenone oxime (LIX84-I) at 15 vol.% in an organic solvent (Shellsol 2046). The liquid-liquid interfacial tension for the CuSO 4(aq) -Shellsol 2046 (15% v/v LIX84-I) system was measured using the pendant drop technique to be 22 mN/m. Hydrophilic (SNOWTEX-ZL, Nissan Chemical Industries, nominal size 80-100 nm) or moderately hydrophobic (Aerosil® R816, Degussa, nominal size 12 nm) silica nanoparticles were added to the aqueous phase in some instances to prepare model leach solutions or increase the particle loading of the real leach solutions. Chromium(III)acetylacetonate was synthesized according to Fernelius and Blanch [13] , and solutions were prepared by dissolving the pure solid in ethanol then diluting with water to an ethanol concentration of 1 vol.% [14] . Extraction was achieved via the preferential solubility of the chromium complex in the organic phase, i.e., chloroform, without a reaction taking place.
Solvent extractions were carried out by flowing aqueous and organic phases (organic:aqueous flow rate ratios were 0.65:1 and 2:1 for the Cu and Cr extractions, respectively) to precisely achieve a range of contact times in the microchip. Microfluidic The Laplace pressure windows (LPW) associated with these contact angles are plotted, showing an increase in the flow stability, which is magnified with a guide structure in place chips were prepared in Pyrex™ glass using standard photolithography techniques (UV irradiation of positive photoresist, AZ1518), wet etching using 50% hydrofluoric acid, removal of the photoresist and gold/chromium adhesion layers, and thermal bonding (650°C, 5 h). Fluid connections were made using two methods: adhesion of Nanoports (Upchurch Scientific) or via compression using a chip holder. In both cases, poly ether ether ketone (PEEK) tubing and luer-lock syringe connectors to Hamilton Gastight glass syringes were used to ensure chemical compatibility with both phases. The microchannel design consists of a Y-junction, two parallel channels separated by a guide structure [15] , followed by a second Y-junction (see Refs. [6, 7] and Figure 5 (a) ). The immiscible streams of liquid arrive at a Y-junction where they form a liquid-liquid interface that is maintained between the concurrent flows for the length of the main channel, before branching to recover the two phases. The latter will be considered as a "phase separation" for the purposes of this paper, although conventional mixing of the two phases does not occur in this chip. The extraction efficiency was monitored using UV-vis spectroscopy.
Bulk experiments were carried out according to an industry standard method [16] . The immiscible phases were dispersed as droplets in a mixer (a stirred beaker) for different contact times at which emulsion samples were collected in a large bore pipette and allowed to phase separate in a measuring cylinder. The separation of the two phases was monitored quantitatively with time by recording the height of the emulsion phase.
For contact angle measurements, Pyrex™ plates were cleaned in hot, 3 M potassium hydroxide solution for 3 min, rinsed with high purity water (Millipore, 18 MΩ⋅cm), and dried in a filtered stream of nitrogen. The cleaned samples were placed in the organic phase (15 vol.% LIX in Shellsol 2046) for various times or immediately prior to contact angle measurements. Contact angles were measured by accurately determining the profile of a static droplet on the glass surface. The droplet (~1-2 μL) was slowly deposited on the surface from a syringe fitted with a blunt-nosed needle. Once placed, the needle was inserted into the droplet and the volume of the droplet was increased very slowly, then stopped and allowed to briefly relax over the solid surface. The profile of the droplet was captured, and from the fit to the profile, the static advancing contact angle was determined. To carry out the static receding contact angle measurements, the volume of the droplet was decreased gradually (with the needle kept in the liquid), then stopped and allowed to briefly relax before the measurement. All contact angle measurements were carried out using the water-in-oil configuration.
